Lead (Pb) has been shown to perturb cellular calcium (Ca) homeostasis, altering sizes and flux rates of cellular pools of exchangeable Ca and impairing Ca-mediated cell processes. To date, however, a direct effect of Pb on intracellular-free Ca2+ has not yet been demonstrated. Heavy metals bind to the commonly used fluorescent Ca ion indicators with greater afflnity than does Ca and thereby interfere with the expected Ca-dependent fluorescence.
Introduction
In 1985, the Centers for Disease Control lowered its definition of an elevated blood lead level from 30 to 25 gg/dL in young children (1) . Current estimates with this standard have indicated that 1.5 to 2.3 million American children have elevated blood lead values (2, 3) , values associated with multiple metabolic (4) , neurologic (5, 6) , and behavioral disorders (6, 7) . Evidence also continues to accumulate that demonstrates associations between even lower blood lead levels and reductions in mental development (8) , decreased skeletal growth (9) and disturbances in cardiovascular function (10, 11) . One such epidemiologic study, which analyzed data from the Second National Health and Nutrition Examination Survey, revealed a strong negative correlation between blood lead levels and height or skeletal growth in children (9) .
Interactions between Pb toxicity and Ca metabolism are well recognized, both at the level of the organism as a whole and at the cellular level (12) . The handling of Ca and Pb by bone cells is given special importance because bone is the major reservoir in the body for both the essential metal Ca and the toxic metal Pb. A comprehensive basis on which to access the possible sites where Pb might interfere with Ca homeostasis at the cellular level can be derived from 45Ca desaturation kinetic techniques. Pounds and Rosen, using this methodology, described the steadystate homeostasis of Ca in primary cultures of murine osteoclastic bone cells as consisting of three distinct intracellular compartments of exchangeable Ca (13) . They found that adding increasing concentrations of Pb to the extracellular medium resulted in elevations in all three intracellular compartments. The largest increase occurred in the most slowly exchanging compartment that includes the mitochondrial calcium.
In virtually every tissue where the effects of lead were studied in detail, the results suggested that lead alters calcium homeostasis and calcium-mediated cell function. In nerve (14, 15) , smooth muscle (16) , cardiac muscle (17) , liver (16, 19) , and bone cells (13, 20) , the hypothesis has been proposed that lead causes an increase in intracellular pools of calcium and a decrease in the ability of cells to extrude calcium or lower the effective free intracellular calcium ion con-
The appropriate temporal and spatial availability of intracellular Ca is critical to the modulation of cellular structure, function, and activity. (22, 23) , without specifically removing the heavy metals from the cells being studied (22) . Pb has also been shown to trigger luminescence of the photoprotein Ca indicator, aequorin (24, 25) , thereby eliminating it as an alternative [Ca2+]i indicator in these studies.
While the high-affinity binding of heavy metals is a major drawback for the fluorescent and bioluminescent indicators, it represents a major advantage for the 5,5'difluoro derivative of 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (5F-BAPTA) (26) . BAPTA, the predecessor of Quin-2 and Fura-2, symmetrically substituted with fluorine at the 5 position of the two rings, is a cation indicator that can be monitored by '9F nuclear magnetic resonance spectroscopy (19F NMR). The '9F chemical shift of this compound is highly sensitive to chelation with metal ions (Mn+). These '9F chemical shifts are characteristic and distinct for 5F-BAPTA and each Mn+-5F-BAPTA complex thus far described (26) . Furthermore, the areas of the resonances from the bound (Mn+-5F-BAPTA) and free (5F-BAPTA) forms of the indicator are proportional to their concentrations, and the free M" concentration can be calculated by knowing the dissociation constant for Mn+-5F-BAPTA. Thus, '9F NMR permits the identification and quantitation of each chelated ion. Metcalfe (27) .
In testing our hypothesis, it is appropriate to choose a cell that is a target of low-level Pb toxicity. Osteocalcin, the vitamin K-dependent protein found in bone matrix, is a specific biochemical marker of osteoblastic activity and can be measured in the serum. Markowitz, Gundberg and Rosen (28) observed that in lead-toxic children, those with the highest body burden of Pb had the lowest osteocalcin levels. Successful reduction of body Pb stores by CaNa2EDTA chelation therapy ultimately resulted in marked elevations in circulating osteocalcin levels. Although regulation of osteoblastic activity is multifactorial, these data suggest that Pb either directly or indirectly impairs osteoblastic activity. Such toxic effects on osteoblastic function could also explain the observed negative correlation between skeletal growth and blood Pb values in children (9) .
For our experiments, we have chosen the rat osteoblastic osteosarcoma cell line, ROS 17/2.8. The ROS 17/2.8 cell is well characterized, highly differentiated, and phenotypically an osteoblast (29) . These cells synthesize osteocalcin, have high alkaline phosphatase activity, possess 1,25-dihydroxyvitamin D3 receptors, and respond to parathyroid hormone (PTH) by increasing adenylate cyclase activity (29) Loading with 5F-BAPTA Cells were loaded with 5F-BAPTA in the stirring culture flask for 45 min. This was done by adding the '9F NMR MEASUREMENT OF [Ca "Ii IN BONE CELLS acetoxymethyl ester of 5F-BAPTA at a concentration of 20 gm from a 50-mM stock solution in dimethylsulfoxide. The loading medium was removed, the cells were washed in fresh F-12 medium and were allowed 1 hr to recover from loading. Next, cells on beads were transferred to a 10-mm diameter NMR tube. An inflow tubing line was inserted down through the beads to the bottom of the NMR tube, and an outflow tubing line was inserted to the top of the NMR tube. The NMR tube was sealed with a rubber stopper and the F-12 medium, saturated with 95% 02, 5% Co2, was superfused through the NMR tube at a rate of 2 mL/min, discarding the effluent. The NMR samples were maintained at 30°C throughout the signal accumulation (Fig. 1) . NMR NMR measurements of 5F-BAPTA-loaded cells were performed on a Varian 500 MHz spectrometer using a 10-mm broad band probe. (32), and was found to be 0.5 mM.
The intracellular volume was estimated based on phenotypic morphology (29) .
Apparent Dissociation Constants
The Kd for Ca-5F-BAPTA was determined under the following conditions: KCI (135 mM), MgCl2 (0.5 mM), K4-5F-BAPTA (0.385 mM), MOPS buffer (10 mM), pH 7.1, 30°C and varying amounts of CaCl2. Free Ca2+ concentrations were measured by using a Ca2+-selective ion electrode (Orion) that was calibrated with Ca-EDTA standards. The intensities of Ca-5F-BAPTA and 5F-BAPTA resonances, which are proportional to their concentrations, were measured using the areas under their respective '9F peaks. The electrode-determined free Ca21 concentration was plotted verses the ratio of the bound-to-free 5F-BAPTA, yielding the Kd as the slope. The Kd for Pb-5F-BAPTA was determined by competition with Ca2+.
Materials
ROS 17/2.8 cells were a generous gift from Dr. G. A. Rodan (Merck Sharp and Dohme, West Point, PA). 5F-BAPTA and its acetoxymethyl ester (AME) were synthesized by Dr. Iraj Lalezari by previously described methods (33) . Synthetic bovine PTH (1-34) was obtained from Sigma (St. Louis, Mo). Collagencoated microcarriers (Cytodex 3) were obtained from Pharmacia (Uppsala, Sweden).
Results and Discussion
The purpose of this report is to describe and determine the potential usefulness of 5F-BAPTA and 19F NMR as a methodology for measuring [Ca2+]i in a single population of cells in monolayer culture during treatment with Pb. Several criteria must be met in order to demonstrate the usefulness of this technique. First, the technique must be able to distinguish and measure [Ca2+]i in the presence of Pb. The indicator 5F-BAPTA must be taken up and trapped within the cells in sufficient quantity to yield a clearly observable 19F NMR signal. This must be achieved without producing permanent alterations in cellular energetics and ion balances. Moreover, the methodology must prove effective in monitoring normal changes in
[Ca2+]j, such as those produced by physiologic, calciotropic hormones. Figure 2 represents the "9F NMR spectrum of a solution that contained K45F-BAPTA (0.52 mM), MgC12 (0.5 mM), ZnSO4 (0.13 mM), Pb ROS 17/2.8 cells were superfused with medium at 2 mL/min at 30°C in an NMR tube for an additional hour to achieve equilibrium. The free 5F-BAPTA peak was set at 0 ppm with the resonance of Ca-5F-BAPTA complex located 5.7 ppm downfield. These were consistent with their identification in Figure 2 . Figure 3 illustrates two clearly distinct, definable, and measurable 19F resonance signals from which the ratio of free-to-bound forms of 5F-BAPTA was determined. This ratio, together with the measured Kd, yielded [Ca2+]i of untreated ROS 17/2.8 cells of 128 ± 14 nM (mean ± SD, n = 10).
The total 5F-BAPTA trapped within cells was approximately 0.5 mM. This determination was based on the total 19F signal measured during the initial FID accumulation interval, compared to 5F-BAPTA concentration standards. The total 19F signal was measured at each 33.3 min accumulation interval throughout the course of all experiments, each of which lasted 5 to 7 hr. Based on the 19F signal measured at each interval, there was an apparent firstorder rate of loss of 5F-BAPTA of 12%/hr. It must be noted that these cells were being superfused with medium at a rate of 2 mL/min. Thus, any 5F-BAPTA that leaked from the cells was constantly being diluted and washed away, thereby contributing less than 0.5% to the '9F signal in any given accumulation interval. Despite this constant loss of intracellular indicator, there were no concurrent changes in the -6 PPM FIGURE 3. 19F NMR spectrum of ROS 17/2.8 cells on microcarrier beads which had been loaded with 5F-BAPTA and allowed to equilibriate. Superfusion was carried out at 30°C with F-12 medium (2 mL/min) in a 10-mm diameter NMR tube. The free 5F-BAPTA and the Ca-5F-BAPTA complex (Ca2+) are identified.
In order to assess the viability, metabolic integrity, and ion balance of ROS 17/2.8 cells following their loading with 5F-BAPTA, a 31P spectrum was obtained. Figure 4 represents the 31P spectrum of ROS 17/2.8 cells loaded with 5F-BAPTA. The large resonance toward the left end of the spectrum represented the extracellular inorganic phosphate (Pi), which was We thank Dr. Iraj Lalezari for his synthesis of 5F-BAPTA and its acetoxymethylester and Mary Burrows for maintaining the ROS 17/2.8 cells in culture. This work was supported by NIH research grants ES01060, ES04006, DK32030, and training grant DK07110.
